Abstract We report the production of two types of siderophores namely catecholate and hydroxamate in modified succinic acid medium (SM) from Alcaligenes faecalis. Two fractions of siderophores were purified on amberlite XAD, major fraction was hydroxamate type having a k max at 224 nm and minor fraction appeared as catecholate with a k max of 264 nm. The recovery yield obtained from major and minor fractions was 297 and 50 mg ml -1 respectively. The IEF pattern of XAD-4 purified siderophore suggested the pI value of 6.5. Cross feeding studies revealed that A. faecalis accepts heterologous as well as self (hydroxamate) siderophore in both free and iron complexed forms however; the rate of siderophore uptake was more in case of siderophores complexed to iron. Siderophore iron uptake studies indicated the differences between hydroxamate siderophore of A. faecalis and Alc E, a siderophore of Alcaligenes eutrophus.
Introduction
Siderophores are iron-scavenging ligands synthesized under low iron stress for the solubilization and transport of iron (Fe III) inside the microbial cell [1] . Siderophore producing PGPR have been widely used for plant growth promotion in various crops [2] [3] [4] [5] and for the biocontrol of phytopathogenic fungi [6] [7] [8] [9] .
They exhibit requisite; hydrophilic, lipophilic and hydro-lipo-phile properties for chelating the extracellular iron respectively from aqueous environment, through the lipoprotenaceous membrane receptors of the cell and from fatty environment [7] .
Till to date hundreds of different siderophores have been characterized and all of them contain either of hydroxamate (C=O, N-(OH) and catecholate (derivates of 2,3 dihydroxy benzoic acid) groups [1] . Great variation occurs in physicochemical properties of siderophores, one organism may produce a variety of siderophores therefore for the extraction of different siderophores different recovery methods and identification approaches have been used [10, 11] . Iso-electric-focussing (IEF) is emerging as a promising tool for the identification of siderophore based on the diversity in the structure of peptide molecules of siderophores [9, 12, 13] . This diversity confers the strict specificity of recognition usually observed between a given strain and its siderophore [14, 15] .
Some PGPR possess the multiple receptors or share the identical receptor recognition site and can utilize siderophores produced by other microbes (heterologous siderophores) [16] [17] [18] . Utilization of heterologous siderophores by PGPR offer them added advantage of growth under iron limiting conditions in presence of large number of competing microorganisms and it determines the persistence of PGPR in soil [11] .
In earlier studies [6, 7] we reported potent antifungal activity of A. faecalis, considering this biofungicidal potential of organism, the present work was aimed towards chemical characterization of siderophore and ability of organism to utilize heterologous siderophores.
Materials and Methods

Bacterial Culture and Screening for Siderophore Production
From local rhizospheric soil of banana plant of research farm of North Maharashtra University, Jalgaon, a bacterium was isolated. The culture was screened for siderophore production by Chrome Azurol Sulphonate (CAS) agar method [19] and Universal Chemical Assay [20] .
Biochemical Characterization and Identification of Isolate
For the partial identification, isolate was subjected to various biochemical tests (Table 1) as mentioned in Bergey's Manual of Systematic Bacteriology [21] . This partially identified culture was subjected to confirmation on the basis of BIOLOG-GN microtitre plate analysis for which the organism was grown on Biological Universal Growth Medium (BUGM) (Biolog Inc., California, USA) plates at 28 ± 2°C for 24 h and observed for the ability of isolate to oxidize 95 different carbon sources as given in Table 2 .
Siderophore Production, Detection and Estimation Siderophore production was carried out by submerged process at two levels namely shake flask and bioreactor level. A. faecalis (6 9 10 7 cells ml -1 ) was inoculated in succinic acid medium consisting of gl 4 [17] , incubated at 28 ± 2°C with constant shaking at 120 rpm for 24 h. Followed by centrifugation (15 min 40009g) and subjecting cell free supernatant to CAS assay for the detection of siderophores [19] . For determining the hydroxamate and catecholate nature of siderophores, Csaky [22] and Arnow tests [23] were performed respectively.
Recovery of Siderophore CAS positive cell free supernatant was concentrated (109) on rotary vacuum evaporator (Buchi, R-124, Switzerland) at 40°C at 100 rpm, pH of the concentrated supernatant was set to 6.0 with 12 N HCl and it was loaded on XAD [10, 24] . CAS positive fractions obtained from the columns were evaporated to dryness.
Iso-Electric Focusing (IEF) of Siderophores
The method of Koedam et al. [25] was adapted to the Mini-IEF cell, model 111 (Bio-Rad, USA). Casting of the gels (125 by 65 by 0.4 mm) made of 5% polyacrylamide with 2% Bio-Lyte 3-10 ampholines was done. About 20 ll of tenfold concentrated and lyophilized hydroxamate siderophore of A. faecalis sample along with various standard siderophores were deposited in the wells made on gel. IEF was performed at 100 V for 15 min, at 200 V for 15 min and at 450 V for 1 min at 4°C. Electrophoresed gel was visualized under UV light at 563 nm to locate the bands and their iso-electric pH (pI). pI were determined by comparing with standard known purified siderophores.
Cross Feeding Studies
Nutrient agar plates supplemented with EDTA [1 mg ml -1 ] [NAEDTA] previously refrigerated for 24 h for the chelation of contaminating iron by EDTA were used. A. faecalis was plated on NAEDTA plates containing different siderophores (10 ll each impregnated on sterile filter paper disc) viz. PAO II, Quinolobactin, Desferrioxamine-B, Aerobactin, Azotobactin, Desferriciprogen, Schizobactin, Rhizobactin, Enterobactin, coprogen, desferribrubin, ferrichrysin, salicylic acid, desferriferrichrome and siderophores of Enterobacter cloacae, and Chryseobacterium indologenes.
Plates were kept for diffusion at 4°C for 30 min followed by incubation at 29°C for 24 h and results were recorded as no 
Acetic acid ± Cis-aconitic acid ±
Citric acid ?
Formic acid ?
Malonic acid -
Propionic acid ?
Quinic acid -
Sebacic acid - 
Urocanic acid -
Aalaninamide ?
? Positive, -negative, ± variable growth (-), slight growth (?) and good growth (???, usually [10 mm).
Siderophore-Iron Uptake Studies
For checking the capacity of A. faecalis to synthesize uptake system and to uptake the iron chelate complexed to self siderophores and Alc E (a siderophore produced by A. eutrophus), a 24 h old biomass of A. faecalis obtained after centrifugation of SM, was re-suspended at an optical density of 0.33 at 600 nm in SM. Label mixture consisting of 5 ll 59 Fe 3? solution (FeCl 3 in 0.1 M HCl, specific activity 110-925 MBq/mg of iron) was diluted with distilled water and then mixed with 10 ll of a 4 mg ml -1 of XAD purified hydroxamate siderophore of A. faecalis, another label mixture consisted of Alc E, after 30 min. of incubation at 28 ± 2°C, the final volume of both label mix was adjusted to 1 ml with incubation medium. Bacterial suspension (1.8 ml) was mixed at time zero with 0.2 ml of label mix. After 20 min of incubation in water bath at 25°C, 1 ml of bacterial suspension was filtered through Whatman nitrocellulose filter paper (0.45 lm porosity) each filter was washed twice with 2 ml of fresh incubation medium and wrapped in aluminum foil [26] . Kinetic uptake measurements were performed by measuring the radioactivity on a Gamma 4000 counter (Beckman, Palo, Alto, California) [26] .
Results and Discussion
Screening for Siderophore Production
After 24 h incubation at room temperature, change in color of CAS agar from blue to orange red confirmed the ability of organism to produce and excrete siderophores.
Biochemical Characterization and Identification of Isolate
In the microscopic study of 24 h old culture of isolate, Gram negative, motile, non-spore forming rods of 0.8 9 1.5-2 lm were observed. The isolate capable of producing different enzymes like amylase, oxidase and catalase but not DNAase and coagulase, and growing luxuriantly in nutrient, MacConkey's and enrichment broth in the temperature range of 27-37°C and at wide pH range (6.5-8.5). After 18 h growth in nutrient broth, uniform turbidity and pleasant fruity odor with the formation of yellow colored pigment resembled very well with the characteristics of A. faecalis as mentioned in Bergey's manual of systematic bacteriology [21] (Table 1) . Microtitre plate analysis revealed the ability of isolate to oxidize number of carbon sources ( Table 2 ). The metabolic (oxidation) pattern of these carbon sources when compared with corresponding database; it yielded a very good identification of the isolate as Alcaligenes faecalis with similarity index [SI] value of 0.784.
Siderophore Production, Detection and Estimation
Siderophore production was carried out at two levels namely shake flask and bioreactor level. In the shake flask studies change in the color of SM from colorless to golden yellow and an instant change in the color of CAS reagent from blue to orange red after the addition of cell free supernatant revealed the presence of siderophores in SM.
Recovery of Siderophore
From XAD column two CAS positive fractions were obtained with a k max at 224 (major fraction) and 264 nm (minor fraction). Major fraction was found to contain hydroxamate type while minor fraction contained catecholate type of siderophore. It is known that hydroxamate type siderophores are comparatively stable, strong iron chelators and possesses antifungal activity [13] . Siderophore yield obtained from these fractions was 297 and 50 respectively mg l 
Iso-Electric Focusing (IEF) of Siderophore
IEF pattern of siderophore sample revealed an iso-electric point in acidic range with a pI value of 6.5 which is similar to that of Alcaligin E a siderophore produced by Alcaligenes eutrophus [27] .
Cross Feeding Studies
Cross feeding studies revealed that A. faecalis is capable of utilizing PAO II, Quinolobactin, Desferrioxamine-B, Aerobactin, Azotobactin, Desferriciprogen, Schizobactin, Rhizobactin, Enterobactin, coprogen, desferribrubin, ferrichrysin, salicylic acid, desferriferrichrome A and the siderophores produced by Chryseobacterium indologenes, Enterobacter cloacae and self hydroxamate siderophore (Table 3) . Although the rate of iron uptake differ from siderophore to siderophore, it seems that A. faecalis can utilize wide range of heterologous siderophore as a source of iron. This indicated the potential of organism to utilize heterologous siderophores during iron competition in the environment [28] which is expected to increase the competitive and survival potential of the organism under natural environment.
Siderophore-Iron Uptake Studies
During iron uptake study ( 59 Fe 3? ) it was found that A. faecalis accepted the iron, which was indicated by increase in radioactivity (growth) (Fig. 1) of the sample when compared with control (without Fe). The rate of uptake of iron complexed siderophore was increasing with increase in incubation time, optimum (6026 cpm) being at 20 min. Uptake values for label-mix with XAD purified hydroxamate siderophore of A. faecalis were in increasing order stating from 2261 at 5 min incubation time and 6026 at the end of 20 min incubation. Label-mix with Alc E showed only small increase in radioactivity. This indicated that A. faecalis was not able to utilize Alc E and that suggesting that although these two siderophores have similar pI but their uptake is different which may be because of the differences in receptor systems and differences in their chemical structure, because if two siderophores bear chemical resemblance they are taken up by same receptor system.
Conclusion
A. faecalis possesses the competitive potential of survival during iron competition in the environment. Although the pI values of siderophore of A. faecalis and Alc E were similar, inability of A. faecalis to uptake Alc E indicated that these two siderophores differ from each other. 
